Introduction
Membrane proteins of the traffic ATPase or ATP-binding cassette (ABC) (Higgins, 1990; Hyde et al., 1990) superfamily couple ATP hydrolysis to the transport of a wide variety of solutes including peptides, heavy metals, chemotherapeutic drugs, lipases, polysaccharides, and even lipids (Kuchler and Thorner, 1992) . The cystic fibrosis transmembrane conductance regulator (CFTR) is an ABC transporter (Rommens et al., 1989 ) and a plasma membrane chloride channel Bear et al., 1992; Drumm et al., 1990; Rich et al., 1990) . All members of the traffic ATPase family, including CFTR, are composed of a membrane-associated domain with twelve putative transmembrane a-helical segments and two nucleotide-binding folds (NBFs) (Ames and Lecar, 1992) . The latter contain a highly conserved phosphatebinding loop, termed the Walker A motif or P loop, that forms intimate contacts with the ~, I~, and 7 phosphates of bound nucleotide triphosphates (Saraste et al., 1990) . Several traffic ATPases have measurable intrinsic ATPase activity (Panagiotidis et al., 1993; Richarme et al., 1992; Sarkadi et al., 1992) , and in some cases, solute transport has been shown to depend on ATP hydrolysis (Doige et al., 1992; Urbatsch et al., 1994) . The mechanism through which the free energy of ATP binding and hydrolysis is coupled to conformational changes leading to solute transport by these transporters, however, remains poorly understood.
The presence of two highly conserved P loops in CFTR is consistent with evidence establishing a requirement for nucleoside triphosphates in gating the channel . However, the role of ATP hydrolysis in CFTR function has been controversial. Open CFTR channels conduct CI-ions down an electrochemical gradient, providing no obvious need for external energy input and fueling speculation about alternative functions for the protein as a pump for unidentified solutes. Hydrolysis-resistant ATP analogs such as AMP-PNP or ATPTS fail to open prephosphorylated CFTR channels that can subsequently be opened by ATP (Carson and Welsh, 1993; Gunderson and Kopito, 1994; Hwang et al., 1994) , supporting the view that channel opening requires ATP hydrolysis. On the other hand, in the presence of ATP at levels sufficient to maintain CFTR phosphorylation, AMP-PNP increased apical CI-conductance in semipermeabilized sweat duct cells (Quinton and Reddy, 1992) and T84 monolayers (Bell and Quinton, 1993) , leading Quinton and coworkers to propose a nonhydrolytic role for ATP in CFTR gating. These differences have been partially reconciled by recent reports showing that transition state phosphate analogs (Baukrowitz et al., 1994) , hydrolysis-resistant nucleotide analogs (Gunderson and Kopito, 1994; Hwang et al., 1994) , and polyphosphates (Gunderson and Kopito, 1994) all cause CFTR channels to lock into open states of markedly prolonged duration. None of these compounds, in the absence of ATP, is capable of supporting channel activity, suggesting a role for ATP hydrolysis in both opening and closing of CFTR channels. An important step toward understanding the role of nucleotides in CFTR function is to distinguish the function of the two NBFs in opening and closing the channel. Gadsby and coworkers (Baukrowitz et al., 1994; Hwang et al., 1994) have proposed, on the basis of their observations using transition state phosphate analogs, that nucleotide hydrolysis by one of the NBFs, likely NBF1, opens the channel, while the products of that hydrolysis are coupled to closing. In their model, ATP hydrolysis at the other NBF, likely NBF2, can control the closing rate of the channel through modulation of ADP dissociation from NBFI. More recent studies of CFTR P loop mutants (Carson et al., 1995) support the proposal that ATP hydrolysis at the two NBFs has opposing functions, with NBF1 and NBF2 controlling channel opening and closing, respectively (Baukrowitz et al., 1994; Hwang et al., 1994) .
In this paper, we report the presence of two open conductance states of CFTR, Or and 02, which we propose reflect underlying conformational substates of the CFTR protein during channel gating. The transitions that interconnect these states with each other and with the closed channel violate microscopic reversibility and hence mandate an external source of free energy. Analysis of the transitions between these states in wild-type and mutant CFTR channels reconstituted into planar lipid bilayers indicates that the binding of ATP to NBF2 controls a reversible transition from the closed state to the Or state. Our data show further that the transition to the 02 state is essentially irreversible and requires nucleotide hydrolysis and Mg 2+. These data support a model for CFTR gating in which NBF2 is the engine that drives the opening and closing of the channel. We propose that CFTR functions as an unusual ligand-gated ion channel in which opening is due to interaction of the ligand with its binding site, and closing is due either to dissociation or consumption (hydrolysis) of the ligand.
Results

Asymmetric Transitions between Conductance States Suggest an Energy-Dependent Cycle of CFTR Gating
Single-channel records from bilayers reconstituted with phosphorylated wild-type CFTR in the presence of 1 mM MgATP reveal three distinct conductance states, one closed and two open, designated C, O1, and 02 ( Figure 1A ). These states are clearly resolved in amplitude histograms, indicating a mean difference between the O~ and 02 conductance levels of -0.11 pA (Figure 1 B) at-60 mV holding potential. On average, open CFTR channels spent -80% of the time in O1 and -200/o of the time in 02, corresponding to mean dwell times (~o) of -400 ms and -95 ms, respectively. The time constants were derived from exponential fits to grouped dwell time histograms from three different channels (1102 events). Conductance values of 9.0 _ 0.19 pS (n = 4) and 10.3 __. 0.2 pS (n = 4) for O1 and 02, respectively, were significantly different from one another (p < 0.005) as determined from analysis of current-voltage (I-V) plots of CFTR (see Figure 3C ) in symmetrical 300 mM KCI.
Four distinct transition topologies connecting the C, O1, and 02 states were observed. In 1 mM MgATP, CFTR channels exhibited a strong tendency to effect transition through a gating cycle by the C-*O1--*C (301 events) and the C--*O<-*O2--*C (627 events) pathways (Figures 1 C and  1D ). In sharp contrast, the C--'O2--*C (134 events) and C--*O2--*O~--*C (40 events) pathways occurred much less frequently. Even after taking into consideration the possibility that some of the O1 and 02 events may have been missed as a consequence of the 10 Hz filtering required to resolve them (see Experimental Procedures), we conclude that there are primarily two transition topologies that govern CFTR gating: the forward C--*Oc-*O2--*C pathway and the much less frequent reverse C--*O2--'O1--*C pathway. The vast excess of forward over reverse transitions indicates an asymmetry in the rates of interconversion between the three conformational states, suggesting that they are not at thermodynamic equilibrium. Together, these data suggest that CFTR gating can be described by the cyclic gating scheme shown in Figure 1E . The absence of thermodynamic equilibrium suggests that an input of external energy is needed to produce the asymmetry in transition rates. Since CFTR gating requires hydrolyzable nucleoside triphosphate, we investigated the possibility that the interaction of ATP with one or both of the two NBFs might provide such a source of external energy.
Transitions between the Two Open Gating States Correspond to ATP Hydrolysis at NBF2
We and others have previously reported that nonhydrolyzable or slowly hydrolyzable ATP analogs including polyphosphate compounds can lock wild-type CFTR channels into prolonged open burst states, suggesting the hypothesis that ATP hydrolysis controls a key step in channel closure (Gunderson and Kopito, 1994; Hwang et al., 1994 Together with the data indicating asymmetry in the interconversion between open and closed conductance states, these data suggest that the predominant irreversible step in the CFTR gating cycle is the O~--*O~ transition, which is coupled to ATP hydrolysis. To investigate the relationship between nucleotide binding and hydrolysis, we constructed a set of mutant CFTRs harboring point mutations in the conserved P loop, which, in other ATPases and GTPases, intimately contacts the polyphosphoryl moiety of bound nucleoside triphosphate (Kjeldgaard et al., 1993; Kjeldgaard and Nyborg, 1992; Noel et al., 1993; Pai et al., 1989) . These NBF1 and NBF2 mutants, harboring the individual mutations K464A and K1250A, K1250G, K1250M, or K1250T, respectively, were expressed in HEK cells and reconstituted into planar lipid bilayers from which single-channel currents were recorded ( Figures 3A and 3B ). Like wild-type CFTR, channel opening of P loop lysine mutants was strictly dependent on the presence of MgATP. Compared with wild-type CFTR, the NBF1 mutant K464A exhibited slowed gating kinetics and reduced open probability (Po) in the presence of 1 mM MgATP ( Figure 3A ; see Figure 5 ). The reduced Po (0.26 _ 0.03, n = 6) was due largely to a 2-fold increase in the mean closed time. These data suggest a role for NBF1 in controlling CFTR transitions from the closed state. Significantly, despite slower gating kinetics, K464 mutants exhibited qualitatively similar properties to wildtype gating. In particular, K464 channels exhibited the full forward cycle of transitions, C~O~---*Oa--*C, observed for wild-type channels. In marked contrast, mutation of the corresponding lysine in NBF2 (K1250) to alanine, glycine, methionine, or threonine resulted in channels that exhibited extremely prolonged open times, lasting on average 65 _ 17 s, an increase of >140-fold over wild type ( Figure  3B ; see Figure 5B ). These mutant channels require ATP in order to open, but exhibit a severe defect in completing the full (C~O~-*Oa~C) gating cycle. Single-channel records of K1250 mutants reveal a complete absence of transitions between O~ and O~ open states. These NBF2 mutant channels therefore mimic the gating behavior of wild-type CFTR during prolonged open bursts induced by nonhydrolyzable nucleotide analogs. The mean conductance of K1250M channels was 8.9 __. 0.13 (n = 4) pS ( Figures 3C and 3D ), which is not significantly different from the conductance of the wild-type O1 state. Our data show that the O~--*O= transition is highly asymmetric in wild-type channels, consistent with the large free energy change associated with ATP hydrolysis. We propose that ATP hydrolysis at NBF2 is coupled to this transition, providing the source of external energy required to make the gating cycle essentially irreversible.
Mg =* Is Required for the O1~O2 Transition
A hallmark of phosphoryl transfer reactions is a dependence on divalent cations, usually Mg 2+ (Knowles, 1980) . The dependence of CFTR gating on the presence of this cation, however, has been controversial Reddy and Quinton, 1994) . We investigated the role of Mg 2+ in the gating cycle of wild-type CFTR channels by perfusing the cis chamber with buffer in which the Mg 2+ was replaced with 1 mM EDTA, thereby reducing free Mg 2+ to less than 125 nM (see Experimental Prodedures). Under these conditions, CFTR channels continued to gate, albeit with altered kinetics (Figures 4A and 4B ). In the presence of EDTA ( Figure 4B ), the gating was marked by prolonged openings (% = 1362 _ 13 ms; n = 3) and closings that were shortened dramatically in the presence of Mg 2+ (~o = 410 _ 34 ms; n = 3) ( Figure 4A ). Furthermore, the openings in EDTA showed a strikingly reduced frequency of transitions to the 02 open state (13 out of 179 events counted, -7%), suggesting that Mg 2÷ is required for the transition between the O1 and 02 open states. This is consistent with the above data, suggesting a role for ATP hydrolysis in the transition between O1 and 02. However, the gating of channels in 1 mM EDTA differs significantly from the gating of the K1250 mutants, which are also unable to hydrolyze ATP at NBF2. While neither condition supports O1"-'O2 transitions, K1250 mutants are locked into the O1 state for prolonged durations (65 s), while wildtype channels in low Mg 2÷ remain in the O1 state for only 1.3 s. Furthermore, addition of PP~ to wild-type channels in the presence of low Mg 2÷ (<125 nM) did not lead to the appearance of locked open states as observed with wild-type channels in high Mg 2÷ (data not shown). These findings suggest that both the O1--~O2 transition and the ability of polyphosphates to lock CFTR channels into a prolonged O1 open burst state depend upon the presence of Mg 2+.
To explore further the role of Mg 2+ in CFTR gating, we investigated the effect of mutation at the invariant aspartate D1370. This residue, which has been proposed to contribute to the coordination of Mg 2+, is part of the Walker B consensus motif (Walker et al., 1982) and is conserved in many ATP-hydrolyzing enzymes (Shyamala et al., 1991) . Gating of CFTR channels harboring a D1370N mutation closely resembled that of the wild-type channel in EDTA ( Figure 4C ). For the representative channel shown, we observed increased open and closed times (~o, -1905 ms; "~c, -1270 ms) and a virtual absence of O1--'O2 transitions. Moreover, even in the presence of Mg 2+, we were unable to induce locking of the D1370N channels with PPi (data not shown).
The Role of NBF2 in Channel Opening
The above data identify two classes of NBF2 mutations that prevent the transition between O1 and 02. K1250 mutants, which can be mimicked in wild-type CFTR by using poorly hydrolyzed ATP analogs, are constitutively locked into prolonged O1 open bursts by MgATP, suggesting that they have undergone a conformational change that is not readily reversible (back to C), but are unable to complete the gating cycle (presumably because of their inability to hydrolyze ATP). By contrast, D1370N mutants, which can be mimicked by applying EDTA to wild-type channels, are also blocked from completing the full (C~O1~O2~C) gating cycle through 02, but are neither locked open in O1 nor capable of becoming locked by PP~. These two classes of mutants thus define two kinetic states of the O1 conductance level: an initial open state that is reversible (back to C) and independent of Mg 2÷, and a subsequent state that requires Mg 2÷ and is effectively irreversible. These data establish a dominant role for NBF2 in channel opening.
To test this proposed role of NBF2, we constructed a mutant in which two highly conserved NBF2 P loop glycine residues were changed to amino acids bearing acidic side chains. The effect of this double mutation, G1247D and G1249E, is to introduce negative charge into the P loop, which should severely attenuate nucleotide binding to NBF2. Channels bearing the double mutation exhibited extremely low open probability (Po < 0.02) marked by extended closed times and occasional brief openings (% = 224 __. 25 ms, n = 5, compared with 492 ms for wild type) ( Figures 5A and 5B) . Importantly, these openings differed from wild-type CFTR in that they were independent of ATP and were unaffected by nucleotide analogs, PP~ or orthovanadate, and no 02 states were observable (Figure 6 ). Although we cannot exclude the possibility that this mutation induces a conformational distortion in NBF1, the fact that the protein does not exhibit a defect in intracellular processing as judged by the acquisition of complex N-linked oligosaccharides (data not shown) suggests that its overall structure is not affected by the mutation. The simplest interpretation of these data is that ATP binding to NBF2 is required to open CFTR channels and mediate the O1~O2 transition.
Discussion
CFTR is an unusual ion channel in that structurally it resembles ATP-dependent solute pumps of the traffic ATPase superfamily (Ames and Lecar, 1992) , an observation that is functionally correlated with the dependence of CFTR gating on ATP hydrolysis (Carson et al., 1995; Gunderson and Kopito, 1994; Baukrowitz et al., 1994; Hwang et al., 1994) . In this report, we identify three electrically distinct gating states of the channel, the transitions among which are directly coupled to an asymmetric cycle of ATP binding and hydrolysis at NBF2. We propose a model in which the free energy of ATP hydrolysis ensures the irreversibility of the gating cycle. This model suggests that CFTR may share more than a superficial structural homology with other members of the traffic ATPase superfamily. The presence of multiple open conductance states in CFTR has not previously been reported. In our experiments, we observed two distinct open conductance levels, designated O1 (9.0 pS) and O2 (10.3 pS). Previous studies may have overlooked the O2 state, because it is only 15% larger than the O1 state; these states are not easily distinguished unless the traces are heavily filtered. Moreover, the O2 state is shorter-lived (-95 me) than the O1 state (-400 ms), making its detection even more problematic. An analysis of the gating cycle interconnecting the C, O1, and 02 states reveals a strong asymmetry of the transitions. The most frequent gating topology observed was C--*O1~O2~C; the reverse pathway was rarely observed. This conspicuous asymmetry in the frequency of occurrence of the different gating topologies suggests that the gating states are not in thermodynamic equilibrium and consequently do not exhibit microscopic reversibility. Microscopic reversibility requires that, at equilibrium, the frequencies of forward and reverse gating transitions be equal. We conclude that CFTR channel gating is not in thermodynamic equilibrium, and that an outside source of energy is needed to drive this gating asymmetry (Richard and Miller, 1990) . We propose that the free energy of ATP hydrolysis drives the transition between the O1 and 02 states This hypothesis is supported by the observation that nonhydrolyzable nucleotide analogs and polyphosphates lock CFTR into the lower conductance O1 state. Closing of channels locked in the O1 state could occur either upon hydrolysis or upon dissociation of the bound nucleotide analog. However, our inability to observe Oc--~O2 transitions with PPi-or AMP-PNP-Iocked channels suggests that exit from the locked state occurs upon dissociation, rather than hydrolysis, of the bound nucleotide analog. The mean lifetimes of the locked state are 43 s and 27 s for PP~ and AMP-PNP, respectively (Gunderson and Kopito, 1994) , suggesting that nonhydrolyzable nucleotides and polyphosphates are bound tightly to the O1 state of the channel (for PPi, kdis = 1/43 s = 0.023 s-l).
To investigate the roles of the two NBFs in mediating the O1~O2 transition, we constructed mutations in the highly conserved P loop (or Walker A; Walker et al., 1982) lysines of NBF1 (K464) and NBF2 (K1250). Mutation of the corresponding lysine residues in other related ABC transporters greatly attenuates the ATP hydrolysis rate with minimal effect on ATP binding (Azzaria et al., 1989; Schneider et al., 1994) . We observed that mutations in the NBF2, but not the NBF1, P loop lock the channel into a prolonged Or state (8.9 pS) in the presence of MgATP alone. The similarity in conductance and open lock duration of the K1250 mutants (~o, -63 s) and the PP,-induced open lock (%, -43 s) of wild-type CFTR suggests that mutation of the K1250 residue severely attenuates ATP hydrolysis at NBF2. Together, these data strongly suggest that ATP hydrolysis at NBF2 mediates the O~O2 transition leading to channel closure.
Magnesium ions are essential for all known phosphoryl transfer reactions, contributing to both the binding and the hydrolysis of nucleotides (Knowles, 1980) . In p21 ras, Mg 2+ is octahedrally coordinated to the 13 and T phosphates of GTP, to the hydroxyls of the P loop serine and a downstream threonine, and to two water molecules that are hydrogen-bonded to aspartate residues (Pai et al., 1989; Pai et al., 1990) . The structural similarity between CFTR and other P loop-containing ATPases and GTPases, together with the functional evidence supporting a role for ATP hydrolysis in CFTR gating, suggests a requirement for Mg 2÷ in CFTR function. However, previously published data suggest that the role of Mg 2+ as a cofactor in CFTR gating may be complex. Anderson et al. reported an absolute requirement of Mg 2+ for ATP-dependent gating of CFTR . In contrast, Reddy et al. observed that CFTR in permeabilized sweat duct could be activated by ATP in the absence of Mg 2÷, suggesting that nonhydrolytic ATP 4-binding can gate the channel (Reddy and Quinton, 1994 ). This analysis is further complicated by the requirement of MgATP to maintain CFTR in a phosphorylated state.
We examined gating of phosphorylated CFTR at both low (<125 nM) and high free Mg 2+ (4 mM) concentrations and observed a striking difference in gating pattern, but little difference in the open probablity of the channel. Channels in low Mg 2÷ conditions showed a marked decrease in transitions between O1 and 02, consistent with the dependence of this step on ATP hydrolysis. However, in contrast with channels gated with MgATP and PP~ or AMP-PNP, wild-type CFTR channels in low Mg 2+ conditions showed no tendency to become locked, even in the presence of PP~. Since the duration of the open state in the absence of hydrolysis reflects residence time of the nucleotide at NBF2, these findings suggest that Mg 2÷ is required for tight binding of PP~ and nucleotides.
The gating kinetics of wild-type CFTR at low Mg 2+ concentrations cannot be explained simply as a consequence of reduction in the concentration of the MgATP 2-species. In a previous study, we demonstrated that decreasing MgATP 2-causes a significant increase in the mean dwell time for the closed state while leaving unaffected the mean duration of the open bursts (Gunderson and Kopito, 1994) . Therefore, while the increased mean closed duration at low Mg 2+ concentrations can be explained by the reduction in MgATP 2-concentration from 1 mM to 1 pM, the increased open burst duration cannot be explained by the low MgATP 2-concentrations, but rather must be due to the reduction in free Mg 2+ concentration from 4 mM to 125 nM.
In this respect, the binding of ATP and magnesium to NBF2 bears remarkable similarity to the interaction of these cofactors with other nucleotide-binding proteins, including G proteins (Carson et al., 1995; Gadsby and Nairn, 1994) . Initial binding of GTP or GTP~,S to the cz subunit of Go induces large conformational changes that are independent of Mg2+; subsequent addition of Mg 2÷ results in further changes that reflect the formation of a tightly bound nucleotide complex necessary to initiate GTP hydrolysis . Furthermore, in the presence of Mg 2÷, G proteins bind GTP and GDP very tightly, and addition of EDTA leads to rapid release of the bound nucleotide, suggesting that the Mg 2÷ is in rapid equilibrium with the solvent (John et al., 1993) . Similarly, both Mg2+-free, ATP-dependent conformational changes and Mg2+-dependent conformational changes, as measured by intrinsic tryptophan fluoresence, are observed in the MalK ABC transporter, suggesting that the full range of conformational changes that accompany nucleotide hydrolysis requires divalent cations (Schneider et al., 1994) . We propose a model for CFTR gating in which the interaction of ATP and Mg 2+ with NBF2 plays the central role in gating the channel (Figure 7) . The proposal that ATP binding to NBF2 opens the channel to the O1 state is supported by the virtual absence of ATP-dependent openings in the G1247D, G1249E P loop mutant. Subsequent binding of Mg 2+ to NBF2 leads to the formation of tightly bound ATP in a prehydrolysis complex. This tight binding step is only slowly reversible, consistent with the long locked durations (23-43 s) observed when nucleotide analogs or PP~ occupy the site. Our model thus defines two distinct pathways through which ATP-gated CFTR channels can close: directly from Or by dissociation of ATP, or via 02 by hydrolysis of ATP. The fraction of closings through the two pathways is governed by the rate constants for ATP dissociation and for formation of the tightly bound prehy-T/_~p~ Closed Inactive NBF2cycle O1 o2 : Figure 7 . Model for CFTR Gating ATP hydrolysis at NBF1 converts the channel from an inactive to ";n active closed conformation. Binding of either MgATP ~-or ATP 4-to NBF2 leads to channel opening to the O1 conductance state. In the presence of Mg 2+, the channel isomerizes to form a prehydrolysis complex in which the bound ATP is tightly bound. ATP hydrolysis at NBF2 then induces a conformational change, producing the O1~O2 transition. Subsequent dissociation of either P~ or ADP leads to channel closure. Conversion of CFTR back to the inactive state occurs when an end product of ATP hydrolysis at NBF1, either ADP or P~, dissociates (Baukrowitz et al., 1994 The role played by NBF1 in our model is tess clear. Surprisingly, mutation of the invariant P loop lysine in NBF1 (K464), a mutation that in other ATPases and GTPases results in a 2-to 4-order-of-magnitude decrease in hydrolysis rate (Hsieh and Julin, 1992; Schneider et al., 1994; Sung et al., 1988; Tsai and Yan, 1991) , had only a 2-fold effect on the opening rate of the channel. This observation suggests that ATP hydrolysis at NBF1 is not directly coupled to opening and closing of the channel as proposed by Gadsby and coworkers (Baukrowitz et al., 1994; Hwang et al., 1994) . We propose instead that ATP hydrolysis at NBF1 could serve to prime CFTR into an activated state, which would depend on subsequent nucleotide binding to NBF2 for channel opening. According to this model, attenuation of the hydrolysis rate at NBF1, either by mutation of the P loop lysine or by reduction in the concentration of free Mg 2÷, could result in only a modest reduction in opening rate. Clearly, further studies will be required to dissect the precise role of NBF1, and its relationship to NBF2, in CFTR gating.
CFTR is a member of the traffic ATPase (or ABC) superfamily, which collectively constitute an important and extremely diverse class of membrane transport proteins. These proteins are thought to couple the energy of ATP hydrolysis to the translocation of solutes across membranes. However, despite the wealth of data concerning the biochemistry, genetics, and molecular biology of this family of proteins, the mechanism and stoichiometry by which ATP binding and hydrolysis are coupled to solute transport is poorly understood. In this paper, we have used electrophysiological recording techniques to observe discrete conformational changes that are associated with a cycle of ATP hydrolysis in single CFTR molecules. Our data suggest that binding of ATP to the COOH-terminal nucleotide-binding site (NBF2) of activated, phosphorylated CFTR leads to a conformational change that is reflected by opening of the channel to the O1 conductance level. Subsequent hydrolysis of the bound nucleotide, which requires Mg 2÷, is reflected by a transient increase in channel conductance followed by channel closing. These data establish that CFTR, like the other traffic ATPases to which it is related, retains the capacity to harness the free energy of nucleotide binding and hydrolysis. Future studies of CFTR gating could provide an unprecedented window into the mechanism of energy coupling for this important class of proteins.
Experimental Procedures
CFTR Expression and Microsome Preparation
Wild-type and mutant CFTR cDNAs were transiently expressed in HEK 293 cells by use of the pRBG4 vector, and crude microsomes were isolated as previously described (Gunderson and Kopito, 1994) .
Reconstitution into Planar Bilayers
Planar bilayers were formed by painting lipids (POPE, or 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-ethanolamine]: POPS, or 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine]: POPC, or 1-palmitoyl-2-oleoylsn-glycero-3-[phospho-L-choline]), in a ratio of 7:1.5:1.5, respectively, across an aperture separating cis (400 p J) and trans (200 Id) chambers. Crude CFTR microsomes prephosphorylated by protein kinase A (Gunderson and Kopito, 1994) were added to the cis chamber and fused into the planar bilayer with a 300:50 cis-trans KCI gradient. After detection of a fusion event, the cis side was perfused, and the trans side was made 300 mM in salt concentration. The CFTR channels usually fused into the bilayer with the cytoplasmic side facing the cis chamber as previously described (Gunderson and Kopito, 1994) . The standard conditions for the cis bath were as follows unless otherwise specified: 1 mM ATP, 5 mM MgCI2, 300 mM KCI, and 10 mM MOPS (pH 7.2) at a holding potential of-60 inV. The cis chamber was usually perfused (washout) with standard buffer minus ATP.
To produce low magnesium concentrations in the cis chamber, the following protocol was used: the cis chamber containing 5 mM Mg 2+ was perfused with 6 chamber volumes of MgZ+-free, 1 mM EDTAcontaining buffer leading to an -200-fold dilution of the original ion concentrations (estimated from a dilution experiment using a radiolabeled tracer). After perfusion, the total Mg 2+ concentration was estimated to be 5000 p.M/200 = 25 p.M Mg2+; 1 mM EDTA (pH 7.2) and 1 mM Na2ATP were also present. According to the Maxchelate 5 program, the calculated concentrations of species were as follows: 
Polymerase Chain Reaction Megaprimer Mutagenesis
The following site-directed mutants were constructed by using the megaprimer polymerase chain reaction (PCR)-based mutagenesis protocol (Landt et al., 1990; Sarkar and Sommer, 1990 ): K464A, K1250A, K1250G, K1250T, and GG 1247, 1249DE. Megaprimer mutagenesis employs two universal flanking primers and a mutagenic primer. The flanking primers surround unique restriction sites that allow the PCR-mutagenized cassette to be easily swapped with the wild-type cassette present in the CFTR-pRBG4 construct. The first cassette (NBF1) is flanked by either the unique restriction sites Sphl and Hpal, or Snal and Bspmll, whereas the second cassette (NBF2) is flanked by pmACI and Asp-718 (in pRBG4 expression vector). A third mutagenic primer containing the desired point mutation and a silent restriction site was made for each mutant. In the PCR process, Vent polymerase (New England Biolabs) was employed because it has a lower error rate than Taq; precautions were taken to minimize its 3'-5'exonuclease activity. Mutants were initially screened by restriction digestion, followed by complete sequencing of the mutagenized cassette using the flanking PCR primers.
Immunoblot Analysis
Western blot analysis, described by Ruetz et al. (1993) , was performed on microsomes from wild-type and mutant CFTR-transfected HEK 293 cells by using an anti-CFTR antibody, C1468, generated against the COOH-terminus of CFTR (Ward and Kopito, 1994) .
Data Analysis
Single-channel traces from the bilayer system were recorded on a modified SONY DTC-700 digital audiotape (DAT) player at 2000 Hz (prefilter). Upon playback and ND conversion, the traces were Bessel filtered at 50 Hz and digitized at 200 Hz with pCLAMP 6 software and a Digidata 1200 A/D converter (Axon Instruments). Records shown in this paper were either filtered at 50 Hz or digitally refiltered at 10 Hz by use of a Gaussian filter as indicated. Dwell time histograms and channel Po were generated from traces filtered at 50 Hz and lasting 2-10 rain. On the basis of the closed dwell time distributions of wildtype CFTR (~c, -5 ms and 400 ms at 1 mM ATP), a 40 ms delimiter (except with K1250 mutants) was chosen to separate open bursts from interburst closings. Any closing less than 40 ms is included as part of the open burst. Owing to the extended duration of the K1250 openings, these open bursts were measured manually. Single exponentials were sufficient to fit all of the open dwell time histograms generated. Allpoints amplitude histograms shown were generated from records filtered at 10 Hz to resolve open conductance states. I-V curves were generated from manual measurements of representative openings of the channel. All data are reported as SEM. Statistical significance was determined by Student's t test.
We performed a missed events analysis for the event count shown in Figures 1C and 1 D: single-chann el records were filtered at 10 Hz by a Gaussian filter giving a T1o-9o rise time of about 33 ms. Consequently, transitions to a state lasting less than 33 ms will not be resolved. With 400 ms as the mean dwell time of the O1 state, the proportion of O1 events lasting less than 33 ms is -9% of 1102 events = 99 events (proportion of missed events = 1 -exp -(~1 = 0.09). Most of the C~O2-*C open burst events (99 out of 134) can be accounted for by classifying them as C'-*O1-*O2--'C or C~O2~O1~C events, where the O1 transition is a missed event. Similarly, most of the C---O1--*C open bursts can be classified either as C---O1--*O2~C or C--*O2--,O,~C events containing a missed 02 transition. With 95 ms as the mean dwell time of the 02 state, the proportion of missed 02 events is -29% (323 events out of 1102, 1 -exp -(3~) = -0.29). The actual number of C~O,--,C events (301) is close to the estimate of 02 missed events (323), suggesting that this interpretation is valid.
